For a long time, it has been believed that atmospheric absorption of radiation within wavelength regions of relatively high infrared transmittance (so-called 'windows') was dominated by the water vapour self-continuum, that is, spectrally smooth absorption caused by H 2 O−H 2 O pair interaction. Absorption due to the foreign continuum (i.e. caused mostly by H 2 O−N 2 bimolecular absorption in the Earth's atmosphere) was considered to be negligible in the windows. We report new retrievals of the water vapour foreign continuum from high-resolution laboratory measurements at temperatures between 350 and 430 K in four near-infrared windows between 1.1 and 5 mm (9000-2000 cm −1 ). Our results indicate that the foreign continuum in these windows has a very weak temperature dependence and is typically between one and two orders of magnitude stronger than that given in representations of the continuum currently used in many climate and weather prediction models. This indicates that absorption owing to the foreign continuum may be comparable to the self-continuum under atmospheric conditions in the investigated windows. The calculated global-average clear-sky atmospheric absorption of solar radiation is increased by approximately 0.46 W m −2 (or 0.6% of the total clearsky absorption) by using these new measurements when compared with calculations applying the widely used MTCKD (Mlawer-Tobin-Clough-Kneizys-Davies) foreigncontinuum model.
Introduction
Water vapour is well established to be the dominant gas in determining the radiative balance of the Earth and its atmosphere [1] . Its infrared spectrum is characterized by strong absorption bands, made up of individual spectral lines resulting from rotational and vibrational-rotational transitions, interspersed *Author for correspondence (piv@iao.ru).
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In contrast, the foreign continuum in the near infrared has received much less attention. In-band continuum measurements include those by Burch [17] (3500-4000 cm −1 ) and Paynter et al. [12] (all four bands between 1300 and 7500 cm −1 ). MTCKD is in broad agreement with these measurements, although, as with the self-continuum, the measurements indicate more spectral structure. The focus of this paper is on the retrieval of the foreign water vapour continuum in near-infrared windows.
Until recently, the contribution of the foreign-continuum absorption in the windows was considered to be negligible when compared with the selfcontinuum [7] . However, recent measurements in the 4 mm window by Baranov [18] clearly demonstrated that the foreign continuum can be up to two orders of magnitude stronger than in MTCKD model. We present here an experimental study of the foreign-continuum absorption in a broader spectral region, 2000-9000 cm −1 , in four near-infrared windows. The work can be considered as a companion paper to that of Ptashnik et al. [16] , who derived the self-continuum of water vapour in the same wavelength region, using broadly the same measurement and analysis technique; indeed, as will be discussed, a consistent self-continuum is needed in order to separate the foreign continuum from the total (i.e. self plus foreign) continuum that is derived from the measurements. These measurements were performed within the UK-based Continuum Absorption at Visible and Infrared wavelengths and its Atmospheric Relevance (CAVIAR) consortium, and hence the new continuum is often referred to in this work as the CAVIAR continuum. The measurement techniques are described in §2, the analysis method is described in §3 and results are presented in §4. The implication of these new measurements for understanding the cause of the foreign continuum in nearinfrared windows is briefly discussed in §5. The impact of the new data on atmospheric absorption of solar radiation is considered in §6.
Experimental technique
The measurement technique closely follows that described in detail by Ptashnik et al. [16] . Briefly, spectra were recorded using a Bruker IFS-125 highresolution Fourier transform spectrometer (FTS) at the Rutherford Appleton Laboratory (RAL) Molecular Spectroscopy Facility (http://www.msf.rl.ac.uk) using a multi-pass short-path absorption cell (SPAC), based on the White [19] arrangement. This has a total optical path length of 17.7 m, and allowed highly stable measurements to be conducted at total pressures of up to about 5 atm and temperatures from 350 to 430 K (table 1). (Lower temperature measurements would have been desirable, for atmospheric applications, but the signal-to-noise ratio would have been inadequate. In any case, as will be discussed in §4, the foreign continuum, unlike the self-continuum, has only a weak temperature dependence.) Measurements were performed at a spectral resolution of 0.1 cm −1 , high enough to resolve individual spectral lines. The impact of instrumental lineshape function was found to be negligible on the retrieved continuum. The cell and the transfer optics were housed in evacuated chambers (typically at pressures of less than 10 −4 mbar) to remove absorption from laboratory air and to provide thermal insulation. Saturation vapour pressures for each measurement temperature are shown in table 1. The relative humidity (2) resolution (cm −1 ) 0.1 no. scans 500-1000 in the cell was at most 75 per cent and was normally much less than this to ensure that there was no condensation on the cell optics. Table 2 provides the details of the spectrometer and gas cell configurations used here. The measurements at each pressure and temperature used the following procedure: (1) background measurement with an empty cell; (2) background measurement with approximately 5000 mbar of artificial air (Air Products Zero Air, 79.1% N 2 and 20.9% O 2 ); (3) sample measurements of a mixture of H 2 O vapour (VWR AnalaR Normapur) with air, so that the total pressure was the same as step 2; (4) same as step 2; (5) same as step 1. The sample measurements (step 3) were typically made in a mixture of 300-600 mbar water vapour, depending on temperature, and 4400-4700 mbar of air (table 1) . The background measurements with an empty cell and with air were carried out, first, to ensure that any possible cell distortion due to pressure was taken into account and, [20] , light grey lines) calculated up to 25 cm −1 from the line centres without a plinth; experimental RAL (dark grey lines) spectrum; MTCKD-2.5 (dashed lines) total continuum [9, 10] ; optical depth of the total (i.e. self plus foreign) continuum (dots) derived as a spectrally smoothed difference between RAL and UCL08 in microwindows between lines; contribution from the self-continuum (circles) derived using data [16] for the same temperature.
second, to separate the contribution from pure O 2 and N 2 absorption from the water vapour foreign continuum. The final background was usually derived as an average between steps 2 and 4. There was no noticeable impact of pressure distortion of the cell. Figure 1a shows an example of the background, sample and retrieved optical depth spectra. The good baseline stability can also be seen from the very small difference between the background and sample spectra in the window 9600 cm −1 , in which absorption was negligible for the measurement conditions used here.
The water sample was purified by two cycles of freezing, evacuating with a turbo pump and thawing to remove atmospheric contaminants. Empty-cell background measurements were performed when the measured cell pressure was less than 2 × 10 −3 mbar. During background measurements, there was a trace amount of water vapour in the cell even after evacuation (figure 1a) owing to water molecules that had been adsorbed on the inner surfaces of the cell during sample measurements. The spectroscopic absorption is noticeable near the centre of the water vapour bands at wavelengths not used here in the derivation of the continuum.
The strong signature of a CO 2 band was usually visible in the sample spectra in the region near 2300 cm −1 , which was caused by very small amounts of CO 2 (ca 3-5 ppmv) dissolved in the liquid water sample. This signature could not always be completely removed by subtracting a simulated CO 2 spectrum, and this sometimes affected the retrieved continuum in the spectral region 2270-2370 cm −1 .
Data processing (a) Continuum retrieval
Again, the retrieval technique closely follows that described in Ptashnik et al. [16] .
The optical depth t m of the measured spectra is given by
where I is the measured intensity of a sample measurement, I o is the intensity of a background measurement and n is the wavenumber in cm −1 . The optical depth of the total (foreign plus self) continuum t c in each microwindow was then derived following a procedure similar to CKD [7] , so that
where t line,i (n − n i ) is the local Lorentzian 1 contribution from ith H 2 O spectral line, centred at n i within 25 cm −1 of the microwindow. In the CKD approach, the Lorentzian contribution of monomer lines is calculated without the 25 cm −1 'CKD plinth' (figure 2); we follow the same approach to enable a direct comparison with the MTCKD continuum model. Hence, a part of the continuum derived here belongs to spectral line absorption. This component is very small for the work reported here, contributing less than 1 per cent in the middle of the windows [16] .
The contribution from the spectral lines was calculated using a line-by-line code [21] and the UCL08 (University College London, UK) compilation of H 2 O line parameters [20] , which contains a number of weak water vapour lines not catalogued in the HITRAN-2008 [22] spectral line database. Accounting for these weak lines markedly impacts on the self-continuum retrieval in the 6300 and 8000 cm −1 windows [16] . Because the baseline in this work was derived from background measurements at 5000 mbar air pressure (in our case a mixture of N 2 and O 2 ), the contribution from N 2 −N 2 (near 2400 cm Figure 2 . Dashed and solid curves schematically outline, respectively, the local (f line ) and far-wing continuum contribution (f c ) from every spectral line to the total absorption, according to the definition in the CKD model [7] . The grey area shows the total continuum absorption, which, in the CKD/MTCKD definition, includes the 25 cm −1 'plinth' (light grey) from under every line ('plinth' + f line = Lorentzian). Thus, in order to make the continuum smoother and more amenable to tabulation in the CKD/MTCKD approach, only the f line part of every spectral line is subtracted from the experimental spectrum to derive the continuum, leaving the weak Lorentzian plinth as part of the continuum. The contribution of this plinth to the total continuum does not exceed 5-7% within bands and 1% in windows for the conditions investigated here.
collision-induced absorption (CIA) bands was naturally present in the baseline measurement, and thus was automatically excluded from the measured continuum t m via the use of equation (3.1). A small correction was then applied to account for the difference in the CIA contribution between 5000 mbar (background measurement) and 4400-4700 mbar (air pressure at sample measurements). 2 However, the small bumps still remaining in the retrieved continuum near 6300-6400 and 7800-7900 cm −1 (figure 1b) can be attributed to imperfect subtraction of O 2 CIA.
The impact of uncertainty in water line parameters on the retrieved continuum is usually small in the windows. Nevertheless, in order to diminish this impact as much as possible, the total continuum data derived from equation (3.2) (light grey points in figure 3 ) were filtered to exclude points close to the line centres, where the impact of any errors in line parameters is maximum. An example of the resulting total continuum is shown in figure 3 by the solid squares.
To derive optical depth of the foreign continuum t f , the self-continuum optical depth t s , retrieved from pure water vapour measurements by Ptashnik et al. [16] , was subtracted from the total continuum: t f = t c − t s . Figure 1b shows an example of the total continuum retrieved at 402 K in a mixture of 600 mbar H 2 O with 4400 mbar air, and the contribution from the self-continuum for these conditions. All stages of the retrieval are shown in a particular spectral region in figure 3 . optical depth Figure 3 . An example of the consecutive stages of the foreign-continuum retrieval (stars) in a small spectral interval: (i) the total continuum (black squares) is derived as a spectrally smoothed and filtered difference (grey squares) between the experimental RAL (solid black line) spectrum and the line-by-line simulation using UCL08 (grey line) data [20] in the microwindows between lines; (ii) the foreign continuum is derived as a spectrally smoothed difference between the total and self-continuum (circles) [16] . The total MTCKD-2.5 continuum (dashed line) [9, 10] is shown for comparison. The data correspond to: T = 402 K, P H 2 O = 600 mbar, P air = 4400 mbar, L = 17.7 m.
The cross section (cm 2 molecule −1 atm −1 ) of the foreign continuum was then derived as
where r s and P s are water vapour gas number density and partial pressure, respectively; P f is the air pressure in the sample measurement, k is the Boltzmann constant, T is the temperature and L is the absorbing optical path length. Finally, a factor T /296 is applied to all data to convert them to the CKD/MTCKD definition [7, 9] , in which the cross section at each temperature is normalized to the number density at 1 atm, 296 K. Thus, in the MTCKD definition, the temperature dependence of number density is excluded from the continuum cross section.
(b) Error of the derived continuum
In the relatively transparent windows, the contribution from local lines in the microwindows between these lines is usually negligible when compared with the continuum absorption (see the 'UCL08 lines' curve in figure 3 ). Thus, in window regions, the main source of experimental error for the continuum retrieval is baseline uncertainty. That is why, as described in §2, additional measurements were taken to ensure good baseline stability. The total uncertainty in the foreign continuum retrieved in this work and presented in figure 4a and table 3 originates mainly from two sources: experimental error of the total continuum and error in the self-continuum derived in Ptashnik et al. [16] . Experimental error of the continuum retrieval in the windows is dominated by instability in the baseline. This was estimated as half of the difference between the average background spectra before and after every sample measurement. This generally did not exceed on average 0.4 per cent of the value of the FTS signal in the windows, leading to an uncertainty in optical depth varying typically from 0.002 to 0.004 in the spectral region under investigation. The relative error in the self-continuum derived in Ptashnik et al. [16] does not exceed 20-30% in these windows for temperatures between 374 and 430 K, leading on average to a similar or smaller relative error in the derived foreign continuum. In the 1.6 and 1.2 mm windows, the errors above 30 per cent in the derived foreign continuum were caused by uncertainty in the baseline rather than by error in the self-continuum.
On the edges of the windows, i.e. closer to the water vapour bands, the error in the derived continuum becomes more dominated by uncertainty in the parameters of the spectral lines, whose close wings must be subtracted to retrieve Table 3 . Spectrally smoothed absorption cross section C f (n) (10 −25 cm 2 molecule −1 atm −1 ) of the foreign continuum, derived in this work at 400 K. The total error of the retrieval is presented by DC f . Cross sections are given using the CKD [7] definition. the continuum. According to our estimations, this uncertainty on average may lead to 10-15% error in the retrieved continuum closer to the band centres at the investigated temperatures. The contribution to experimental errors caused by uncertainties in measured water vapour pressure and temperature in the cell (table 2) usually did not exceed 5 per cent and were less important than the baseline error. Figure 4 shows the cross sections of the foreign (H 2 O-air) continuum C f , derived in this work at four temperatures, and the ratio of these cross sections to those in the MTCKD model. As was stressed earlier, the contribution from the water vapour self-continuum (H 2 O−H 2 O) and from N 2 −N 2 and O 2 −O 2 CIA was excluded from C f . The MTCKD-2.5 model [9, 10] and the far-wings model of Tipping & Ma [8] are presented for comparison. Figure 5 shows in more detail the 4 mm (2500 cm −1 ) window. The spectrally smoothed foreign continuum retrieved at 402 K is compared with the recent experimental data of Baranov [18] for H 2 O−N 2 continuum absorption. In this window, our data are on average in good agreement with those of Baranov [18] , despite the fact that Baranov [18] derived the foreign continuum in the mixture H 2 O−N 2 , while in our work it was derived in H 2 O-air. Similar to the results in Baranov [18] , our data demonstrate foreign-continuum absorption up to a factor of 200 stronger than MTCKD-2.5 in this window (figure 4b). Although, in the 2000-2200 cm −1 region and near 2900 cm −1 , our data are about a factor of 1.5 higher than those reported in Baranov [18] , the differences mostly lie within the total uncertainty of both retrievals. On average, results from Baranov [18] show less uncertainty than our data in this window, which is perhaps caused by a 2-3 times larger L × P s parameter in Baranov [18] than in our experiments. At the same time, the error bars [18] at the edges of the window (i.e. near 2000 and above 3000 cm −1 ) seem too optimistic (less than 5%), and obviously do not include systematic errors that may be caused by uncertainties in line parameters.
Results
It is clear from figure 4 that in three other near-infrared windows, where the foreign continuum is investigated for the first time to our knowledge, the situation is quite similar to the 4 mm window. Although the uncertainty in the foreign continuum retrieved in the centre of the 1.6 mm window, and especially in the 1.2 mm window, reaches 100 per cent (the optical depth is comparable to or less than the baseline error), the strength of the continuum absorption in the less uncertain regions within these windows is considerably larger than that in the MTCKD model. Thus, our results reveal that, in a way similar to the self-continuum absorption [15, 16] , the foreign H 2 O-air continuum within four investigated nearinfrared windows is typically of one to two orders of magnitude stronger than that in the MTCKD model (figure 4b). As noted earlier, unlike the present work, the MTCKD foreign continuum in these spectral regions was not based on measurements, but is rather a result of the application of model parameters derived at longer wavelengths. Specifically, these parameters are introduced within the MTCKD approach to construct semi-empirical H 2 O line profiles including the far wings; they are derived by fitting the model to an experimental mid-and far-infrared continuum and then are applied to predict the continuum at shorter wavelengths.
In the MTCKD model, the cross section of the water vapour foreign continuum is assumed to be temperature independent. The measurements here support that assumption. Figure 4 shows that, if there is any temperature dependence of the experimental foreign-continuum cross section, it is rather weak in the investigated temperature range, and lies within the uncertainty of our current retrieval. Only in some spectral regions closer to the band centres is there an indication of a weak negative temperature dependence of the foreign continuum.
The smoothed data of the foreign continuum retrieved in this work at 400 K are tabulated in table 3, with a sampling step of 30 cm −1 .
Discussion
Although the prime purpose of this paper was to present the new measurements, we briefly discuss the implications of these new measurements for understanding the causes of the foreign continuum. The calculation of the far-wing absorption of strong water monomer lines in the theoretical approach by Tipping & Ma [8] (figure 4a) is an order of magnitude smaller than the continuum retrieved here. So, one can assume that either the far-wing absorption by water monomers cannot contribute markedly to the derived continuum in these windows and at the temperatures under discussion or the current theory is significantly in error. Similarly, we do not believe that local lines can contribute significantly to the derived continuum. The Lorentzian contribution from local lines (within 25 cm −1 ) has been subtracted in this work in order to derive the continuum (figure 3). The Lorentzian line profile is reasonably good (on average within 5-10%) for the simulation of the spectral line contribution within approximately 5 cm −1 of the line centre and up to 5 atm pressure [24] . In the windows investigated here, the contribution from local lines, situated further than 5-10 cm −1 from each microwindow, was usually very small.
Finally, the possible contribution from water monomer line mixing to the retrieved continuum is expected to be rather weak in most microwindows at pressures below 5 atm [24] . In any case, for the measurement conditions used here, line mixing is likely to be detectable only for particular and quite rare pairs of water vapour lines, satisfying certain selection rules [25] , and hence is unlikely to have the continuum-like nature derived here.
Taking these points into account, we suggest that the foreign continuum derived here can only be explained in terms of bimolecular absorption (BA), which is proportional to the product of the water vapour and nitrogen (or oxygen) partial pressures. Indeed, it was shown by Brown & Tipping [23] that the nitrogen fundamental absorption band, when induced by collisions between N 2 and H 2 O molecules, is much stronger than that in pure nitrogen. This enhancement is not accounted for in the MTCKD model of the 'foreign' N 2 −H 2 O continuum. Here we put N 2 in first place to underline that it is CIA from the fundamental nitrogen band (or the 'N 2 -foreign' continuum), rather than collision-modified absorption due to transitions in the water molecule (or the 'H 2 O-foreign' continuum). The result of calculations [23] of CIA 3 of the fundamental N 2 band, arising from interaction between N 2 and H 2 O molecules, is presented in figure 5 , and shows a reasonable agreement with our retrieval at around 2400 cm −1 . Ab initio calculations of the N 2 −H 2 O CIA band intensities at different temperatures [27] , performed using a more sophisticated potential energy surface and dipole surface for the N 2 −H 2 O complex, has shown good agreement with experimental evaluations made in Baranov et al. [27] on the basis of measurements [18] .
Thus, there is direct evidence that, in the 2200-2500 cm −1 spectral region, the continuum under atmospheric conditions should be strongly affected by N 2 −H 2 O CIA absorption. It was suggested in Baranov et al. [27] that overtones of the nitrogen fundamental band perturbed by water may also cause more pronounced intensity of the N 2 −H 2 O foreign continuum at higher wavenumbers. The latter, however, according to our results, would require the CIA intensity of the first overtone for the N 2 −H 2 O system to be rather strong; it would have to be weaker than the fundamental N 2 −H 2 O CIA band by not much more than a factor of 5-6 (the ratio of the foreign continuum derived here in the 2300-2400 and 4600-4800 cm −1 spectral regions). Besides, if this overtone contributed significantly to the continuum, it would have appeared as a broad spectral feature centred near 4800 cm −1 , which does not seem to be the case in the experimentally derived continuum (figure 4a). Hence, the origin of this continuum, which is much stronger than predicted by the MTCKD H 2 Oforeign and/or N 2 -foreign continuum in the windows above 2200-2500 cm −1 , is unclear. It is possible also that it results from H 2 O−N 2 , H 2 O−O 2 and other complexes [28] [29] [30] . However, this issue requires further investigation. In addition to the uncertainty in intensities, the spectral width and shape of the absorption due to these complexes is poorly known, which particularly strongly influences the amount of absorption within the windows. Thorough statistical division of molecular pair states in phase space [29, 31] and classic trajectory analysis [32] seem to be promising tools to help answer the question about the fraction of bound, quasi-bound and free-pair states that can be involved in BA at close to atmospheric conditions. The negligible (within the accuracy of these experiments) temperature dependence of the detected 'foreign' continuum compared with the strong temperature dependence of the H 2 O self-continuum [16] does not contradict the idea of absorption by H 2 O−X complexes. The much smaller dissociation energy of the H 2 O−N 2 complex compared with H 2 O−H 2 O (350 and 1700 K, respectively [28] ) will cause a much weaker temperature dependence of the equilibrium constant than is the case for H 2 O−H 2 O. For example, the analytical estimation given in Vigasin [28] (see also [33] ) would show only an approximately 20-30% change in the expected absorption by such complexes in the temperature range 370-430 K investigated here. Moreover, for such small dissociation energies, most of the contribution at room temperature can be expected to originate from quasi-bound rather than bound complexes [14, 29] , which may cause an even weaker temperature dependence owing to effective averaging of the intermolecular potential by nearly free rotation of the monomers in such complexes. For the 2.1, 1.6 and 1.2 mm windows, such a relatively small temperature-related change would lie within the average uncertainty of the continuum retrieval in this work, and so cannot be clearly detected; the N 2 −H 2 O CIA in the 4 mm window, according to Baranov et al. [27] , is expected to have an even weaker temperature dependence within the temperature range investigated here.
Implication for near-infrared absorption by the atmosphere
Until recently, the contribution of the foreign continuum to the absorption within windows was considered to be negligible when compared with the selfcontinuum [7] . However, the much stronger foreign continuum derived here in four near-infrared windows may markedly change this perception. Figure 6 shows the simulated vertical optical depth (0-100 km; mid-latitude summer atmosphere; column water vapour amount of 2.7 g cm −2 ) caused by the MTCKD-2.5 continuum (total self and foreign). Continuum absorption by CO 2 , N 2 , O 2 and O 3 is also included in the calculation. Figure 6 shows also the optical depth using MTCKD-2.5 but with the water vapour self-continuum modified according to the CAVIAR data [16] , and MTCKD with both self-and foreign-continuum coefficients modified using CAVIAR data. Taking into account the very weak temperature dependence of the foreign continuum found in Baranov [18] and in this work, we used the same cross section as presented in table 3 for 400 K for our calculations. According to the new data, the contribution of the foreign continuum to the total self-plus foreign-continuum vertical optical depth in the investigated windows may be quite significant, reaching 50 per cent in some spectral intervals.
We have also estimated the impact of the newly derived water vapour foreign continuum on the calculated clear-sky absorption of solar radiation in nearinfrared windows. The line-by-line code [21] was used for high (0.001 cm −1 ) spectral resolution calculations of optical depth for 18 atmospheric layers of clearsky mid-season zonal-mean atmospheric profiles [34] at a latitudinal resolution of 10
• . In addition to water vapour, the atmospheric profiles also include CO 2 , O 3 , CH 4 , O 2 and N 2 . We used H 2 O line parameters from the UCL08 line list [20] , and the HITRAN-2008 database [22] for all other gases. Irradiance calculations were performed using these optical depth spectra as input to the Discrete Ordinate (DISORT) code of Stamnes et al. [35] , with the four-stream approximation to account for Rayleigh scattering. The calculations use the top-of-the-atmosphere solar irradiance compiled by Fontenla et al. [36] , which represents the solar spectrum at a spectral resolution of 0.1 cm −1 . Figure 7a displays the calculated spectrum of the total solar flux at the surface, and the extra absorption caused by the difference between the MTCKD-2.5 and its modified versions with either water vapour self-continuum or foreign continuum within the windows replaced by CAVIAR data. The calculation was performed for a typical tropical atmosphere, overhead sun and a column water vapour amount of 4.7 g cm It is interesting that the absorption in the investigated spectral region, caused by the MTCKD-2.5 water vapour self-and foreign continuum itself, when compared with the calculation including only local (within 25 cm −1 ) spectral lines contribution, is 3.2 and 1.85 W m −2 , respectively, for the tropical atmospheric model. 4 Thus, the CAVIAR corrections actually double the nearinfrared absorption owing to the water vapour continuum when compared with the MTCKD-2.5 model, making it equal to about 6.5 and 3.7 W m −2 for the selfand foreign part, respectively. Table 4 compares these values with the results presented by Kjaergaard et al. [30] , who used band intensities and positions derived from ab initio quantum chemical calculations to estimate possible absorption due to a range of water vapour complexes. The extra absorption due to the modified foreign continuum, estimated here as 3. The latitudinal dependence of the extra absorption owing to the self- [16] and new foreign continuum (this work), calculated for four seasons, using latitudinally and seasonally varying profiles of temperature and humidity taken from Christidis et al. [34] .
(Online version in colour.) H 2 O−H 2 O complexes estimated in Kjaergaard et al. [30] for the same conditions is much less than our experimentally updated values for the self-continuum absorption of 6.5 W m −2 . The most part of this disagreement, however, can be clearly attributed to the fact that the dimerization equilibrium constant K eq (H 2 O−H 2 O) = 0.0123 atm −1 used in Kjaergaard et al. [30] to account for the dimer amount at the surface was three to four times smaller than the average value 0.04-0.05 atm −1 , which can be deduced from the totality of the most recent theoretical and experimental works [13, 38] [30] ). The latter was found to be a reasonably good first approximation for water dimer Lorentzian sub-bands to describe the self-continuum spectral features within near-infrared bands [11] [12] [13] [14] , and even the strength of the continuum in the windows [14, 16] at close to standard temperatures. As a result, there is quite good agreement between the radiative impact of the experimental self-and foreign CAVIAR continuum (column 3) and the modified results of Kjaergaard et al. [30] for H 2 O complexes (last column in table 4) made using their assumption of Lorentzian wings.
In spite of this agreement, the situation within the window regions may not be that straightforward. The far wings of bands of water complexes may deviate strongly from the Lorentzian shape. The weak local out-of-band combinational + librational sub-bands of these complexes may also make some contribution within the windows. Finally, at different temperatures, there may be different dominant contributors to the out-of-band foreign continuum: from true bound and quasibound complexes to the free-pair collisions (which also include far wings of monomer lines) [14] . All these considerations may complicate the situation and make it impossible to apply a general (for example, across a broad temperature range) description of the out-of-band continuum using just a simple Lorentzian band-width approach.
For the same conditions (tropical atmosphere, overhead sun), figure 7b shows the calculated atmospheric heating rate owing to the extra absorption using the CAVIAR self-and foreign continuum in the 2000-10 000 cm −1 spectral region when compared with the MTCKD-2.5. The contribution of the CAVIAR foreign continuum is more constant with height than the self-continuum, as it is proportional to vapour pressure rather than to the square of the vapour pressure. Finally, figure 7c presents the latitudinal dependence of the extra absorption due to the CAVIAR self- [16] and foreign continuum, calculated for four seasons, using latitudinally and seasonally varying profiles of temperature and humidity taken from Christidis et al. [34] . The global-mean value of the foreign-continuum extra absorption, relative to MTCKD-2.5, is 0.46 W m −2 , which is approximately 0.6 per cent of the total clear-sky absorption. For comparison, the additional self-continuum absorption [16] is 0.74 W m −2 . The additional foreign-continuum absorption is less strongly peaked in the tropics than is the case for the selfcontinuum absorption [16] , again because the latter's absorption scales with the square of the vapour pressure.
Conclusions
Based on new high spectral resolution laboratory measurements, we retrieved the water vapour foreign continuum within four near-infrared transmission windows for temperatures from 350 to 430 K. In the 4 mm window, these measurements support the conclusions of recent experiments by Baranov [18] , which indicate that the foreign continuum in existing models is significantly underestimated in this window by typically one to two orders of magnitude. Moreover, our results extend this conclusion to the 2.1, 1.6 and (qualitatively) 1.25 mm windows, where we present what we believe to be the first retrieval of the foreign continuum. In all windows, the temperature dependence of the cross section of the derived foreign continuum is weak within the investigated range of temperatures.
Our results have implications for the understanding of the fundamental causes of the foreign continuum. The strength of the detected absorption is not consistent with the current understanding of the contribution of the far wings of water monomer lines. In most of the 4 mm windows, the water vapour foreign continuum can be reasonably well explained by N 2 −H 2 O BA arising from a collision-induced N 2 fundamental band [25, 27] . In the 2.1 and 1.6 mm windows, overtones of the N 2 CIA band and interaction-modified transitions in the H 2 O molecule, including those due to H 2 O−N 2 and H 2 O−O 2 complexes, might be the dominant cause of the H 2 O foreign continuum, but further theoretical work is needed to establish whether or not this is the case. Further experimental work is necessary to establish the strength of the foreign continuum under near-atmospheric conditions and to clarify whether there is indeed weak temperature dependence, as might be expected from theoretical considerations. Additionally, experiments in which the H 2 O−N 2 and H 2 O−O 2 components (as well as other components) are derived separately would be valuable.
The new results show that the water vapour foreign continuum may make a substantial (up to 30-50%) contribution to the total atmospheric continuum in some spectral regions within the investigated windows. The estimated increase in the calculated clear-sky atmospheric absorption of solar radiation due to the new foreign continuum may reach approximately 0.6 per cent for the global mean and 1.5-2% in the tropics relative to the MTCKD-2.5 model.
